ABSTRACT Recently, the use of active matrix organic light emitting diode (AMOLED) displays is increasing for smartphones which have been widely used and their battery lifetime is very important for users. Due to frequent interactions between users and smartphones, the power management of AMOLED displays is crucial. To this end, dynamic voltage scaling (DVS) is most effective and a lot of studies on it have been made. However, no work of DVS on smartphones with AMOLED displays can be found in the literature. In this paper, we propose the first practical DVS scheme for AMOLED displays on Android smartphones, aiming both human visual system (HVS)-awareness and high power saving. It combines automated battery-aware DVS with local gamma correction and effective smoothing using a novel metric which can evaluate the balance between power saving and HVS-awareness from a user study. In extensive experiments with an implementation of an Android platform, the proposed scheme saves power consumption by up to 62% and extends battery lifetime by about 15% over a normal mode. Moreover, it achieves better HVS-awareness as well as better power saving than the power-saving mode in a smartphone, which restricts some device functions for much power saving intentionally.
I. INTRODUCTION
Organic light-emitting diode (OLED) displays have advantages such as wide viewing angle, fast response time, and power efficiency, and their use in mobile devices is increasing. Among them, the active matrix OLED (AMOLED) display is mainly used in smartphones such as the Samsung Galaxy S series, and Apple plans to release an iPhone equipped with an AMOLED display [1] . And also, Samsung plans to reduce the weight of liquid crystal displays (LCDs) for tablet and notebook displays and increase supply of AMOLED displays [2] .
Smartphones equipped with AMOLED displays have a limited battery capacity, while user interface-based applications such as games, instant messaging, and Web browsing are increasingly being used. Fig. 1 shows that 56% and 49% of Android and iOS smartphone users think battery life is most important when purchasing smartphones [3] . In other words, power saving is a very important issue for batterydriven mobile devices such as smartphones because smartphone users feel very uncomfortable with short battery life.
To reduce power consumption on a smartphone, we need to figure out which component consumes a lot of power. Fig. 2 shows power consumption of each component during the execution of games and camera applications in the Samsung Galaxy S3. As shown in the figure, power consumption ratio by the display is 18% and 34%, respectively, which is very large compared to the total power [4] . Thus, the AMOLED display consumes significant power during the operation of the smartphone and consumes more power if the acceleration technology using the GPU is applied to the AMOLED display panel [4] , [5] . Therefore, low-power technology is very important for AMOLED displays. 
FIGURE 2. Power consumption breakdowns for applications running on a smartphone [4].
Low-power studies have mainly focused on dynamic voltage scaling (DVS), tone mapping and color transformation techniques. Among the low-power techniques, DVS is the most efficient power-saving method. However, existing DVS techniques have been implemented and applied to simulation studies [6] or a display board [7] . Moreover, they have a limitation that is difficult to be practically applied and implemented in a mobile device since existing DVS techniques have been applied only to a specific application such as videos [8] . In conclusion, the feasible DVS technique for all applications on the smartphone, which is the most widely used mobile device, has not been reported yet.
In this paper, we propose a practical DVS technique for AMOLED displays on an Android smartphone, which employs color transformation and voltage scaling synergistically at the Android hardware abstraction layer (HAL) level in order to achieve human visual satisfaction and efficient power saving. To the best of our knowledge, our work is the first DVS scheme developed for a commercial smartphone with an AMOLED display. In the proposed DVS technique, we propose a new metric for the optimal balance between power saving and human visual system (HVS)-awareness by profiling and analyzing the relationship between user experience, gamma and supply voltage through a user study to determine when and how much to do DVS. For on-line color transformation, the proposed DVS technique performs local gamma correction using the YIQ color space, a frame segmentation method, and a deblocking filter to improve the HVS-awareness. Then, the proposed DVS technique controls the supply voltage and executes color transformation and voltage scaling in parallel through thread partitioning using an Android daemon in a battery-aware manner.
The remainder of this paper is organized as follows. Section II describes existing low-power studies for AMOLED displays. Section III explains the motivation and contributions behind this research. Section IV provides a detailed description of the proposed DVS technique. Section V describes a systematic implementation of the DVS technique performed on a smartphone. Section VI shows the experimental environment and the results of the proposed technique. Finally, Section VII concludes the paper.
II. RELATED WORK
OLED displays have been actively studied in the areas of driving circuits [9] - [12] and low-power techniques [6] - [8] , [13] - [16] , [18] - [21] . The low-power researches for AMOLED displays are mainly divided into DVS and color transformation. DVS is a power-saving technique that compensates for image distortion caused by lowering the voltage supplied to the display panel by changing pixel values. On the other hand, color transformation or tone mapping is power-saving techniques that reduce power consumption by decreasing pixel values to the point where image distortion is minimized. Table 1 shows a brief summary of the features of the proposed and prior DVS techniques. Choi et al. [13] proposed low-power techniques according to each component at the system-level for hand-held display systems that cause high power consumption. In addition, this work was implemented for the viewer, player, and editor using high-performance PDAs to perform contrast enhancement. However, this work had a limitation that it was not suitable for the recent mobile device because it adopted the technique for the TFT-LCD rather than AMOLED displays and used a specific embedded system. Also, there was a disadvantage due to empirical control that this work did not provide a separate method for satisfying the human visual system-awareness in performing individual low power of variable-duty-ratio refresh, dynamic-color-depth control and backlight luminance dimming with brightness compensation or contrast enhancement. Anand et al. [14] performed power saving by adjusting a backlight with non-linear tone mapping. In this study, HVS was evaluated through mean square error (MSE), peak signal to noise ratio (PSNR), and a user study for the game using a Laptop and smartphones. However, this study did not apply the technique for AMOLED displays, and alpha blending was used for gamma support and thus it had a limitation to show inaccurate results. Shin et al. [15] proposed the first DVS technique for OLED displays. In addition, this study considered the characteristics of OLED drivers in the display board for preservation of luminance and satisfied HVS by reflecting the color difference in the CIE Lab color space. But, VOLUME 5, NO. 6, NOVEMBER 2017 433 the target was the passive matrix OLED (PMOLED) display which was outdated. In addition, this technique involved a big computation overhead stemming from the repetitive calculations and thus it was not suitable for mobile devices.
Chen et al. [6] performed fine-grained voltage scaling by using DVS and pixel compensation and changed the voltage level between the two frames in videos. And this study considered the ideal locality of the display contents as the main idea of the technique and used Structural SIMilarity (SSIM) to satisfy the HVS. However, this study had a limitation in that it did not satisfy the HVS because of response failure and unstable image quality. Moreover, this work was based on the simulation and did not use a real mobile device. Park et al. [7] proposed a synergistic combination of DVS and color transformation for AMOLED displays. In addition, this technique was performed on images in a display board, and the optimal vector was searched in the CIE Lab color space to satisfy the HVS. Also, the result of the technique was evaluated using SSIM. However, since this study used a DC-DC converter, it had a limitation that it was not practical because it could not be applied to a recent smartphone using a power management integrated circuit (PMIC). Lee and Kim [8] proposed a new DVS method for videos on AMOLED displays to save power by using entropy-based scene change detection. This work minimized computational overheads by using information from macroblocks in the decoding process. It also improved the video quality better by compensating Y, Cb, and Cr components after voltage scaling. However, this work can be performed for specific applications, and there was a problem that it was implemented on a board instead of a smartphone. Unlike these studies, our work aims at a practical DVS scheme on an Android smartphone with an AMOLED display, while performing the automated battery-aware DVS with local gamma correction and effective smoothing for both HVS-aware image quality and high power saving. In addition, our work can be applied to all types of applications and evaluated HVS-awareness through a user study.
Color transformation and its likes have also been widely studied as a major low-power technique for AMOLED displays. Duan et al. [16] scaled down the strength of the pixels to save power for AMOLED displays on a smartphone by integrating gamma correction and saturation scaling. However, this study did not reflect the exact evaluation because the sample pixel was used when applying the image quality assessment (IQA). Therefore, there was a problem that correct power saving was not performed. In addition, it employed SSIM as an IQA metric which often cannot satisfy the HVS [17] .
Lin et al. [18] proposed a power saving scheme using pixel scaling on a Samsung Galaxy Tab with an AMOLED display. This work divided the attention level per region by visual attention as a power saving measure. In this study, image pixel scaling considering a visual effect was performed for each attention level, and at the same time, the sharp edge, which is the boundary of the adjacent region, reduced the power consumed by Weber's law. However, Lanczos resampling was applied to this study because of the execution time of both SSIM and the itti model of a visual saliency model. Therefore, this study had a limitation that it was impossible to apply the accurate technique. Chen et al. [19] proposed a tone mapping technique that could achieve high power saving by searching for power features by a video category. However, there was a limit to which dynamic tone mapping could not be correctly applied because the accuracy of the HMM classifier was low.
Park and Song [20] conducted a power saving on video by using color blending. This study was based on the CIE Lab color space to determine the lightness of the original frame. However, there was a limitation due to computing overhead in mobile devices with limited resources. Recently, Yu et al. [21] proposed low-power color transformation considering ambient light on smartphones and tablets with AMOLED displays. However, since this technique used the HTML-based Web browser engine, there was a limitation that it could not be performed in a place other than a Web page. Unlike these studies, our work combines DVS and color transformation for more power saving and better image quality using a metric balancing these from a user study.
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III. MOTIVATION AND CONTRIBUTIONS
Android and iOS-based smartphones have a limited battery capacity, so there is a power-saving mode built by the manufacturer to save power. When power saving is required, users save battery life by lowering the power consumed by the entire system through the power-saving mode. However, this mode limits the performance of the device such as CPU clock, background data, position service, vibration feedback limits, etc. Therefore, the power-saving mode causes a problem such as a frame drop when the system has a large overhead such as running games or playing videos. Also, it degrades the displayed image quality because it simply reduces the voltage supplied to an AMOLED panel. Therefore, entering the power-saving mode cannot be considered as an efficient power-saving method. As a result, a feasible and effective DVS technique is needed without any degradation of smartphone performance for all types of applications to save power efficiently in AMOLED displays. Fig. 3 shows the results of the normal mode, the powersaving mode, and the proposed DVS scheme for an image from the TID2013 database on a Samsung Galaxy S3 smartphone. The power-saving mode on this smartphone simply reduces the voltage supplied to the display without considering the HVS. As shown in Fig. 3 (b) , the power-saving mode has the effect of lowering power consumption over the normal mode because of the lowered supply voltage, achieving system power saving of 18% and display power saving of 44%. However, the image quality gets worse because it is simply darkened. On the other hand, the proposed DVS scheme shows better image quality than the power-saving mode because it adjusts the voltage based on HVS-awareness and performs pixel compensation on the distorted image. In addition, the proposed DVS scheme also achieves higher power saving than the power-saving mode as shown in Fig. 3 (c) . Thus, a power-saving technique which controls the supply voltage appropriately by considering the HVS is highly required for efficient power saving.
In the meantime, existing DVS studies for AMOLED displays have consistently applied power saving regardless of the state of the battery. In the power-saving mode in a smartphone, power saving is performed regardless of battery status. However, in a mobile device having a limited battery capacity such as a smartphone, it is necessary to perform dynamic power saving considering battery lifetime. Therefore, a new technique is required to save power by considering the battery capacity. In addition, existing DVS studies have reduced the efficiency of power saving because they apply the same compensation algorithm to the entire display when compensating for the pixel of an image or a frame according to the lowered voltage. Therefore, in order to increase the power management efficiency, a new technique of pixel compensation is needed to increase the power-saving effect in consideration of the practical locality of pixels on the AMOLED display.
Based on the above motivations, this paper proposes a novel DVS scheme that can efficiently manage power consumption by considering the battery capacity and satisfying the HVS. The main contributions of this paper are as follows:
1. Design and implementation of the first practical and effective DVS scheme on a commercial smartphone. 2. Proposal of automated battery-aware DVS with local gamma correction and effective smoothing for both HVS-aware image quality and high power saving based on a user study. 3. A sophisticated implementation of the proposed DVS scheme at the Android HAL level through an in-depth study of the Android platform.
IV. PROPOSED DVS SCHEME
In this section, we propose a novel DVS scheme called LGC-DVS for Android smartphones with AMOLED displays which performs local gamma correction, smoothing-based color transformation, and voltage scaling by considering the characteristics of the image and the battery capacity for high power saving and satisfying the HVS optimally. Fig. 4 shows the overall flow of LGC-DVS, which consists of two processes: off-line process and on-line algorithm. The off-line process obtains a gamma-voltage relationship that satisfies the optimal HVS characteristics by evaluating the LGC-DVS algorithm by the subjects in a user study. The on-line algorithm uses the relationship to perform DVS for an AMOLED display on the smartphone.
A. DVS POLICY
In order to determine when and how much to do DVS for AMOLED displays optimally, we propose an off-line VOLUME 5, NO. 6, NOVEMBER 2017 435 DVS policy based on the analysis in terms of the trade-off between visual satisfaction and power consumption through a user study. Fig. 5 shows the results of a user study performed on subjects with different gammas and voltages. Power consumption ratio (PCR) represents the transformed power divided by the original power, and the lower the PCR, the higher the power saving. As shown in this figure, the lower the voltage and gamma value, the greater the power-saving effect. However, the power saving is the most when the voltage is 30, but the mean opinion score (MOS) in the graph of (b) has the worst value. Therefore, power saving and MOS have a trade-off relationship. Also, in the PCR change graph of (a), power consumption tends to increase as the gamma value increases. On the other hand, in (b), there is no regularity among MOS values because subjective evaluation is reflected as a result. Therefore, we need a new rule that reflects the above results in order to maintain the image quality and to perform efficient power saving. To this end, we developed a new metric called RPP, which means the relation between power saving and perceptuality, to obtain the optimal balance between power saving and HVS-awareness.
In Eq. (1), MOS represents the average of subjective scores evaluated by the subjects, which appears as a result of the user study on the test images. MOS min is a positive integer representing the minimum value of MOS values obtained from the user study and MOS max is a positive integer representing the maximum value of MOS values. PCR represents Android and iOS smartphones use a power-saving mode when they have less than a certain amount of the battery 436 VOLUME 5, NO. 6, NOVEMBER 2017 capacity. iOS [22] performs the power-saving mode when the battery capacity is less than 20%. Similarly, we used this threshold for the LGC-DVS scheme when determining how much the battery remains.
LGC-DVS has two modes: basic mode and low-power mode. In the basic mode, LGC-DVS considers when the battery capacity of the smartphone is more than 20%. Plus, the supply voltage for the largest value obtained from the RPP in Eq. (1) is applied to the voltage control. In the low-power mode, LGC-DVS considers when the battery capacity goes below 20%. Furthermore, the supply voltage for the lowest PCR value among the top 5 RPP values is used. For convenience of use in an actual implementation, we built a lookup table (LUT) consisting of the pairs of RPP, power mode, PCR, MOS, voltage, and gamma. And we applied DVS according to the characteristics of the image using this LUT. The details of the user study are described in Section VI-A.
B. LOCAL GAMMA CORRECTION
Gamma correction [23] is called gamma compensation or flexible tone mapping, and is often used in video cameras, computer graphics, and so on. Gamma correction uses a nonlinear transfer function to nonlinearly transform the input light signal.
In Eq. (2), L d represents the output light intensity, L max means the maximum luminance of pixels, and L n shows the normalized pixel value. The smaller the γ value of gamma correction is, the darker the output image becomes. The larger the γ value, the brighter the output image.
Existing power saving studies [14] , [16] combined global gamma correction, which applies the same value to all the display areas, with other power-saving techniques. Unlike these, we propose a new algorithm to employ local gamma correction to obtain effective power saving as well as high HVS-awareness. The proposed algorithm samples four regions of the image input to the frame buffer and performs tone mapping on the result. Sampled R, G, and B values are converted to the values in the YIQ color space [24] and the Y values and its average are obtained. This algorithm applies the gamma value from the LUT in Fig. 4 to the region with the smallest Y value. For the remaining regions, this algorithm also determines the gamma values to minimize power consumption and maximize HVS-awareness and transmits it to each region to perform local gamma correction. Details of this algorithm implemented in the smartphone are shown in Table 2 . In this paper, the γ value of gamma correction varies between 1.0 and 1.5, and the same γ value is applied when the difference of Y value is 15 or less.
C. SMOOTHING PROCESS
Local gamma correction can cause blocking effects on adjacent sharp edges of each of four regions, and this effect has a serious effect on the HVS. Blocking effect [25] is a deterioration in image quality caused by loss in the quantization process of image compression standards such as JPEG, MPEG, and H.264. And also, a deblocking filter [25] adjusts the pixel value of the boundary portion of each block so that the image in which deterioration of image quality occurs due to the blocking effect is better in terms of the HVS.
The proposed smoothing process minimizes the problems of local gamma correction by applying a deblocking filter to solve the blocking effect due to the sharp edge appearing at the boundary of each region. And, this smoothing process selectively applies some of the functions of a deblocking filter to reduce the computational complexity while simultaneously achieving power saving and HVS-awareness. First, we do not filter the entire pixels of the image because we know the position of the boundary of the image where the sharp edge appears. Next, the boundary strength (BS) is set to 4. Plus, the smoothing process obtains luma and chroma information of sharp edge after tone mapping from the RGB color space to the YIQ color space to perform the deblocking filtering. Finally, the proposed smoothing process filters once for luma and chroma blocks to minimize computing overheads. At this time, Eq. (3) is used to obtain luma and chroma information according to the conversion from the RGB color space to the YIQ color space. 
Fig . 6 shows the smoothing process for performing a deblocking filter. The deblocking filtering is performed on 8 pixels around the sharp edge of the boundary of each region. In addition, each deblocking filter can adjust up to three pixels at the boundary using 3-tap, 4-tap, and 5-tap finite impulse response (FIR) filters. And we apply different deblocking filters for luma and chroma obtained in the YIQ color space, respectively. Details of the smoothing process algorithm implemented in the smartphone are shown in Table 3 . 
D. SUPPLY VOLTAGE CONTROL
Smartphones that use the Android platform can adjust the brightness for the embedded AMOLED display panels. The brightness value is 255 when the brightness of the display is maximized, while when it is 0, the brightness of the display is minimal. In this work, we define the brightness of the Android smartphone as the supply voltage for DVS. Fig. 4 shows that LGC-DVS receives R, G, and B pixels of the current frame from the framebuffer and the battery capacity of the smartphone as input values. Then, the converted Y value and the battery capacity are checked after the sampling is performed on the RGB pixels. Y values are categorized into five levels, 0∼50, 50∼100, 100∼150, 150∼200, and 200∼255 according to the range of 0 to 255, and LGC-DVS categorizes images according to each level. The battery capacity is used to classify the basic mode and the low-power mode based on the threshold of 20%. Next, LGC-DVS uses the LUT generated in the off-line process to determine the DVS policy. The DVS policy combines the categorization and power mode received from the previous state with the LUT to find the voltage and gamma values that can efficiently save power while satisfying the HVS.
LGC-DVS performs local gamma correction according to the gamma value obtained by the LUT for input R, G, and B values using Eq. (2). Then, in the smoothing process, R , G , and B values are obtained using a deblocking filter. Finally, R , G , B , and supply voltage values are output to the framebuffer driver and the output voltage is used to control the AMOLED display panel.
V. IMPLEMENTATION ON THE ANDROID SMARTPHONE
We propose a new backlight control system instead of the existing Android backlight control system to apply LGC-DVS to an Android smartphone. As shown in Fig. 7 , the LGC-DVS system is mainly divided into two parts: Android main thread and Android daemon. The Android main thread performs color transformation during the LGC-DVS process. On the Android operating system (OS), when applications such as internet, video, picture, and menu are executed, Android View Surface of the Android framework is executed for the screen composition. And Android OS communicates with Surfaceflinger through Binder IPC and transfers frame data to HWComposer to perform a composition process. At this time, the composed frame data is transferred to Framebuffer HAL. Next, the Android OS transfers R, G, and B pixels of the screen to be displayed forward to Framebuffer Driver. Therefore, we applied the LGC-DVS scheme in Framebuffer HAL to perform color transformation on the pixels of the displayed frame.
LGC-DVS reads the battery capacity from the sysfs before applying color transformation in Framebuffer HAL and applies the proposed DVS to the currently composed frame.
We use a Native App to control the voltage supplied to the AMOLED display panel. The Android Native App runs as a daemon. Because the Android daemon is a program that runs in the background on the operating system, it does not affect the computing calculation of color transformation. Firstly, color transformation is performed to communicate The Native App should periodically check Framebuffer Driver to synchronize with the Android main thread. However, the smartphone receives a lot of overhead if the check period is very short. Therefore, LGC-DVS performs the check period at 60 fps, which is the same as the refresh rate of the framebuffer.
VI. EXPERIMENTS AND RESULTS
The first subsection describes the user study and the experimental environment to make the LGC-DVS scheme satisfy the HVS. The second subsection describes the power-saving effect of LGC-DVS for validation by comparison with the power-saving mode in the smartphone. The third subsection describes the power saving and practical usability of the smartphone while it runs real applications. The fourth subsection shows the effect of LGC-DVS on battery lifetime.
A. USER STUDY AND EXPERIMENTAL ENVIRONMENT
Existing power saving studies [6] , [7] used IQA as an evaluation method for distorted images. However, IQA can be affected by noise in the real world that occurs during image capture. Therefore, we propose a practical DVS that satisfies the HVS as a result of MOS by conducting a user study evaluating the distorted image using LGC-DVS and the original image from the viewpoint of subjects comparing those two images.
User study is an image evaluation method that has been performed in many existing studies. Kim et al. [26] evaluated the subjects' satisfaction with four applications. And Sheikh et al. [27] divided the five categories into "Bad", "Poor", "Fair", "Good", and "Excellent" to evaluate MOS. TID2013 database [28] used a method of selecting a better image among two distorted images compared with the original image. Fig. 8 shows the user study scheme. We selected 16 subjects on the university campus, who are 4 doctoral students, 10 graduate students, and 2 undergraduate students. They are 20∼40 years old. The subjects evaluated MOS by using 3 smartphones in a darkroom in terms of selected 10 types of images with different brightness and pixel values among TID2013, Caltech-256 [29] , and CSIQ [30] databases. Each smartphone applied the normal mode, power-saving mode, and LGC-DVS to the selected images.
In order to select 10 types of images, we divided the luma information of the image by 0∼255 and determined the luma information to 5 levels of 0∼50, 50∼100, 100∼150, 150∼200, and 200∼255. Next, we selected the images of each database according to the level with a luma value of a regular interval considering color. Compared with the original, the criteria of MOS is 0∼9, 0∼2 are "Bad", 2∼4 are "Poor", 4∼6 are "Fair", 6∼8 are "Good", and 8∼9 are "Excellent". At this time, the user study limited the evaluation time within 5 seconds per image to meet ITU recommendations [31] .
To evaluate LGC-DVS, we used an Exynos 4412 APbased Galaxy S3 smartphone [32] with a 4.8-inch HD super AMOLED panel. And Android OS uses a 6.0 Marshmallow version. As shown in Fig. 9 , we use the Monsoon power monitor [33] as a tool for the power measurement. We employed TID2013, CSIQ, Caltech-256 databases for experiments, and used apps and websites provided by Google Play Store in other cases.
B. VALIDATION OF ACCURACY
We selected five applications with different brightness levels in the game and general categories of the Google Play Top Chart for validation and experimented on Galaxy S3. The power monitor was used to measure the screenshot images of each application and the flight mode in the smartphone was used to measure the accurate power of the AMOLED display. VOLUME 5, NO. 6, NOVEMBER 2017 439 Table 4 shows power consumptions (PCs) and power saving ratios (PSRs) of the AMOLED display panel measured by applying the normal mode, the power-saving mode, and LGC-DVS to five screenshot images. The Y levels of captured images of Into the Dead, Temple run, CGV, Facebook, and Dawn represent 1, 2, 3, 4, and 5, respectively, which mean that these images cover from a dark image to a bright image sequentially. We found that the power-saving mode supplies the supply voltage (i.e., brightness) of 138 for all images. Also, LGC-DVS supplies supply voltages of 100, 150, 100, 100, and 100 for five images, respectively, and applied gamma values of 1.2, 1.0, 1.1, 1.2, and 1.3, respectively. Table 4 shows that PSR increases as the Y level of the image increases as a whole. Therefore, Into the Dead shows a dark image and PSR is the lowest. This is because a dark image is already close to an offset, which makes it difficult to save a large power. On the other hand, Facebook and Dawn with high Y levels have very high PSRs. The reason is that a bright image has high pixel values and consumes a lot of power due to the characteristics of the self-emitting pixel driver of the AMOLED display. Thus, bright images have much room of power saving.
The power-saving mode limits the performance of the smartphone such as CPU clock limits and background data limits. This means that the power-saving mode in the smartphone is likely to achieve more power saving due to the performance limitations of several components. However, Table 4 shows that the power-saving effect of LGC-DVS is higher than the power-saving mode. This is because the smartphone has a large power-saving effect due to the supply voltage. The power-saving mode simply lowers the supply voltage. However, LGC-DVS reduces power consumption by lowering the supply voltage, but increases power consumption by scaling up the pixel values of the frame through color transformation. Here, as shown in Fig. 5 , the amount of the reduced power consumption by lowering the supply voltage is much bigger than the amount of the increase of power consumption by color transformation. Therefore, LGC-DVS has more efficient power-saving effects because it lowers the supply voltage more than the power-saving mode and properly compensates the image distortion by color transformation.
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Fig . 10 shows the results of the normal mode, the powersaving mode and LGC-DVS on the smartphone. Since the power-saving mode and LGC-DVS control the supply voltage, the image of the screen output from the smartphone was taken using a digital camera. And we have manually adjusted ISO and the manual focusing mode in the camera because the voltage supplied to the AMOELD display panel is different for each technique. We took pictures in a darkroom to reduce a noise in the images and control external variables, and set ISO values of Into the Dead, Temple run, CGV, Facebook, and Dawn to 6400, 3200, 1000, 1000, and 800 respectively.
In Fig. 10, LGC-DVS for Into the Dead has a low supply voltage, but this image has an increased gray color due to color transformation. Thus, it has brightness similar to the normal mode, while the power-saving mode shows a dark color. Similarly, for CGV and Dawn, the supply voltage of LGC-DVS is low, but the brightness of the image is increased due to color transformation. Therefore, it shows image quality similar to the normal mode. For Temple run, LGC-DVS increases the overall brightness because it supplies a high supply voltage of 150 compared to the power-saving mode with 138. In addition, since the power-saving mode does not perform pixel compensation, LGC-DVS has a much better image quality than the power-saving mode.
LGC-DVS also increases the brightness of Facebook, so the blue color area is similar to that of the normal mode. However, the power-saving mode darkens the blue color area because the supply voltage is simply lowered without pixel compensation. In addition, the power-saving mode also darkens the white area of Facebook compared to the normal mode. In the meantime, LGC-DVS does not show the sharp edges of the boundary region for five images because it uses the smoothing process effectively.
Let's have a close look at the results of LGC-DVS in comparison with those of the power-saving mode. LGC-DVS shows high power saving of 22%∼62% compared with the normal mode in Table 4 . Moreover, it shows power saving of 3.76%∼11.14% when compared to the powersaving mode, not the normal mode in Table 5 . In this table, MOS values are the result of evaluating the quality of the images obtained by applying the power-saving mode and LGC-DVS to the smartphone through the user study. And PSR values are obtained by comparing PCs of the powersaving mode and LGC-DVS. In addition, LGC-DVS offers high power saving in bright images with high power consumption. This means MOS and PSR values of LGC-DVS show that the degradation of image quality is small compared to the power-saving mode and the power-saving effect is very high. In addition, all images with LGC-DVS have MOS values between 6 and 8, which show a higher image quality equal to Good. Therefore, LGC-DVS shows that it is a very efficient technique to achieve high power saving while minimizing deterioration of image quality.
In summary, LGC-DVS is found to show more similar image quality to the normal mode than the power-saving mode. This is because MOS values satisfying the HVS are applied to LGC-DVS through the user study.
LGC-DVS performs the biggest voltage scaling for the supply voltage and distorts the original image by applying color transformation. However, LGC-DVS represents higher power saving and a brighter and clearer image closer to the original than the power-saving mode that only scales the supply voltage. Therefore, LGC-DVS satisfies the HVS, has image quality similar to the normal mode, and has more efficient power saving than the power-saving mode. Fig. 11 shows the result of monitoring power consumption of the websites by executing the normal mode, the powersaving mode and LGC-DVS using the real applications on the smartphone. We used Wi-Fi for Internet connection and visited five websites in Fig. 11 (a) -(e) to measure the total power consumption of the smartphone which includes power consumption from CPU, display, base, and GPU. We set total visit time to 150 seconds, stayed for 30 seconds per site, and then moved to the next website. As shown in Fig. 11 (f) , LGC-DVS shows the lowest power consumption at the level of a total system which is affected by other device components when compared to the normal and power-saving modes. This result shows that LGC-DVS is more power-efficient than the power-saving mode, which applies the additional power saving even though the power saving of LGC-DVS is applied only for the AMOLED display panel. Fig. 11 (f) shows that power consumption of the timeline increases rapidly at 30, 60, 90, and 120 seconds, then decreases and stabilizes. This is because the CPU usage increases dramatically when the smartphone moves to the next website every 30 seconds. Wi-Fi also affects instability. In the process of exchanging data with the access point (AP) that transmits the wireless signal, the time difference occurs in each technique until power consumption is stabilized because the update of Internet connection is performed within random time. Another reason is the influence of the display. The data in framebuffer is changed continuously when the smartphone visits the next website sequentially. Therefore, computing overheads of various components in the smartphone increase and power consumption increases sharply.
C. SCENARIO FOR REAL APPLICATIONS
During the transition, the normal mode, the power-saving mode, and LGC-DVS visited the same website. Therefore, since the impact of Wi-Fi is biggest and almost the same VOLUME 5, NO. 6, NOVEMBER 2017 441 FIGURE 11. Used websites and monitoring result.
in three cases, LGC-DVS has much smaller total system power consumption than the normal mode and the powersaving mode. This means that the impact on the total system power consumption by the framebuffer-related additional data process when performing LGC-DVS is small. We can see that power consumption of the smartphone is unstable when visiting the BVB website after 60 seconds. The BVB website will continue to use the framebuffer on the smartphone to send images to the AMOLED display panel as the screen is continually updated to show multiple objects. Therefore, it shows more unstable power consumption than other websites because computing overheads of the components including CPU and GPU increase. The power-saving mode reduces power consumption by limiting the performance of device components. However, this mode shows the highest power consumption on average at the point where the website is changed. The reason is that it uses different components to perform the Web browser due to the effect of performance limitations. However, power consumption is lower than that of the normal mode after the stabilization. In conclusion, LGC-DVS shows the lowest average power consumption irrespective of stable and unstable points for the AMOLED display panel, without performance limitations of device components.
D. SCENARIO FOR BATTERY LIFETIME
We tested LGC-DVS to validate the effects of battery lifetime extension on the smartphone for many applications that users tend to use extensively every day. We used 8 kinds of applications such as main menu, Web browser, game, map, message, music player, picture, and video. Fig. 12 shows a test scenario of using these 8 applications for battery lifetime validation. This scenario is structured the same as the order in which users actually performed the application. The main menu is often used to run each application and go to the next application. Since the game or video has a long usage time, many frames are distributed continuously. Instant messaging is frequently used for communications and thus shows high frequency. The number of frames for each application is 36, 54, 137, 39, 52, 31, 30, and 55, respectively.
For each technique, if battery lifetime test is performed according to the real human activities, there will be a synchronization problem due to the human response speed between application and application, and no equivalent condition is made for each technique. Thus, we experimented with the same slide application to minimize external variables and validate battery lifetime in the same way for each technique. For the experiment, the slide interval was set to 1 second for each frame and the scenario was performed when the battery capacity was 100%. And then, using one smartphone and battery, the experiment was performed until the battery capacity was 0% for each technique, and the battery was fully charged again and the following technique was performed. To minimize the overhead of the smartphone, the battery and time information was read whenever the battery capacity decreased by 1%. Fig. 13 shows the results of battery lifetime scenarios for each technique. The normal mode, the power-saving mode, and LGC-DVS show the battery lifetimes of 364 minutes, 401 minutes, and 420 minutes, respectively. LGC-DVS shows that the smartphone can be run for 56 and 19 minutes longer than the normal and power-saving modes, respectively. And LGC-DVS shows an increase of battery lifetime by 15% and 4%, respectively, compared to the normal and power-saving modes.
LGC-DVS reduces power consumption aggressively by entering the low-power mode when the battery capacity goes below 20%. Therefore, the power consumption line is constant when the battery capacity is 20% or more, but 442 VOLUME 5, NO. 6, NOVEMBER 2017
when the battery capacity is 20% or less, it shows a more inclined shape. The power-saving mode limits the performance of the device, so it consumes less power than the normal mode because it performs additional power saving. However, the performance of battery lifetime is lower than that of LGC-DVS. This is because the display consumes a lot of power in the smartphone. As a result, the powersaving mode reduces the supply voltage simply to reduce the display power, while LGC-DVS performs power saving by efficiently applying voltage scaling and color transformation considering the HVS optimally.
E. PERFORMANCE ANALYSIS
The execution time of LGC-DVS is analyzed differently according to color transformation and voltage scaling. As shown in Fig. 7 , voltage scaling is performed at a real time of 60 fps because the Native App performs a simple process of passing the supply voltage to the light driver after synchronization with the framebuffer driver. On the other hand, color transformation in the HAL performs local gamma correction on all the pixels of the input frame and applies the smoothing process to the pixels in the boundary region. Therefore, color transformation requires more execution time when there are more pixels for the higher resolution of the AMOLED display. This means that the execution time of color transformation is greatly affected by the resolution. From our results, the execution time of color transformation with a resolution of 720x1280 is 0.23 seconds.
The total execution time of LGC-DVS reflects only color transformation that requires a relatively high execution time compared with voltage scaling because color transformation and voltage scaling do not affect each other's work using different threads. Therefore, the basic mode of LGC-DVS performs color transformation in almost all cases, so the average execution time of 0.23s is required for each frame. However, the low-power mode minimizes color transformation and maximizes the voltage drop because it emphasizes battery lifetime extension rather than the basic mode. Therefore, this mode is mostly performed in real time unlike basic mode.
The current version of color transformation was not applied to the acceleration technique. In our work, color transformation applies local gamma correction to each region independently in the framebuffer. In addition, we use the single precision floating point operation to calculate local gamma correction values to be applied to each region. This means that optimization is possible to reduce the execution time. In future work, we plan to implement the proposed technique at 60 fps in real time using an acceleration technique such as NEON to minimize the execution time of color transformation. In addition, we will perform the basic mode in real time on the smartphone by applying GPU acceleration and Pthread techniques to the parallel calculation.
VII. CONCLUSION
In this paper, we propose an effective and practical batteryaware DVS scheme for Android smartphones that satisfies the HVS. We implemented an automated DVS system within the Android platform and developed LGC-DVS that reflects the HVS based on results of a user study. In addition, we proposed a local smoothing process using local gamma correction and a deblocking filter for efficient color transformation. Through extensive experiments, LGC-DVS reduced display power consumption by 22%∼62% and extended battery lifetime by more than 15% compared with the normal mode in a smartphone. Compared with the power-saving mode in the smartphone, which has an additional function of device performance limitations such as CPU clock and background data limitations, LGC-DVS has achieved power saving of 3.76%∼11.14% and more than 4% battery lifetime increase. Thus, LGC-DVS is validated to be the first practical DVS technique to achieve effective power saving for Android smartphones with AMOLED displays. In future work, we plan to apply the optimization and acceleration techniques to the basic mode of LGC-DVS to perform DVS with 60fps in real time.
